Background: Dietary factors might modify cognitive decline that results from aging. Fatty acids, which are limiting factors in brain development, are prime candidates. Objective: We studied the relation between erythrocyte membrane fatty acid composition and cognitive decline in free-living volunteers. Design: In 1995, erythrocyte membrane fatty acid composition was measured in 246 men and women (aged 63-74 y) from the Etude du Vieillissement Artériel (EVA) cohort. During a 4-y follow-up, cognitive abilities were assessed longitudinally with the MiniMental State Examination. Moderate cognitive decline was defined as a ≥ 2-point decrease over the 4 y. The predictive value of fatty acid proportions on cognitive decline was assessed with a multivariate logistic model that included age, sex, education level, and initial Mini-Mental State Examination score as covariates. Results: Higher proportions of both stearic acid (saturated, 18:0) and total nϪ6 polyunsaturated fatty acids were associated with greater risk of cognitive decline; the odds ratios were 1.91 (95% CI: 1.16, 3.15) and 1.59 (95% CI: 1.04, 2.44), respectively, for 1-SD differences in fatty acid proportions. Conversely, a higher proportion of total nϪ3 fatty acids was associated with a lower risk of cognitive decline; the odds ratio was 0.59 (95% CI: 0.38, 0.93).
INTRODUCTION
Some studies have shown that cognitive deterioration in the elderly is associated with deficiencies of micronutrients and macronutrients (1) (2) (3) (4) (5) (6) . Various theories have led to the evaluation of nutritional factors as potential modifiers of the risk of cognitive impairment in the elderly.
Some vascular risk factors and cardiovascular diseases have been related to vascular dementia and Alzheimer disease (AD) (7) , and less specifically to cognitive decline (8) (9) (10) . Therefore, fatty acid intake might affect the development of cognitive impairment by way of the influence of fatty acids on atherosclerosis and thrombosis (11, 12) .
Fatty acids, especially those in ester phospholipids, control the structure and function of biological membranes, including membranes in nervous tissues (13, 14) . Thus, fatty acids strongly influence membrane fluidity. The central nervous system has the second highest concentration of lipids after adipose tissue. These brain lipids contain very high amounts of longchain polyunsaturated fatty acids (PUFAs), particularly arachidonic acid (AA, 20:4nϪ6) and docosahexaenoic acid (DHA, 22:6nϪ3). These 2 PUFAs, which are the major constituents of neural cell membrane phospholipids, belong to the nϪ6 and nϪ3 PUFA families and can only be obtained from the diet.
Intakes of linoleic acid (LA, 18:2nϪ6) and ␣-linolenic acid (ALA, 18:3nϪ3), both of which are especially important during periods of brain growth and development, have received considerable attention (15, 16) . Lack of sufficient quantities of these fatty acids is a limiting factor in brain development. Much less is known about the role in the aging process of these essential fatty acids and their metabolites or other fatty acids, including saturated fatty acids (SFAs) and monounsaturated fatty acids (MUFAs). We examined the association between particular fatty acids in erythrocyte membranes and cognitive decline in a longitudinal study of elderly men and women, the Etude du Vieillissement Artériel (EVA) Study.
SUBJECTS AND METHODS

Study population
The study population consists of 1389 volunteers born from 1922 to 1932. These subjects were recruited during the years 1991-1993 from the electoral rolls of the city of Nantes in western France. The study protocol was approved by the Comité d'Ethique du Centre Hospitalier Universitaire du Kremlin-Bicêtre (France), and written informed consent was obtained from all participants.
Examinations
The EVA Study had 5 examination waves between 1991 and 2000. Subjects underwent complete cognitive testing and clinical examinations as described in previous publications (17, 18) . In wave 3 of the study in 1995-1996, 1188 subjects (92% of the initial sample) were examined and blood samples were collected. Because of financial limitations, only 342 blood samples, selected in chronological order, were analyzed for erythrocyte fatty acids.
For the longitudinal analyses of cognitive decline, information on cognitive function collected in wave 3 (1995-96) and wave 5 (1999-2000) was used. Among the 342 subjects with biological determinations, complete cognitive information was available for 246 subjects. Baseline interviews and examinations were conducted at the study center. Data on demographic background, occupation, medical history, use of medications, and personal habits were obtained by using a standardized questionnaire during a face-to-face interview.
Cognitive examination
Global cognitive function was tested with the French version of the 30-point Mini-Mental State Examination (MMSE). The MMSE lasts 10 min and includes questions on orientation to time and place, attention and calculation, recall, language, and visual construction. We defined moderate cognitive decline as a decrease of ≥ 2 points on the MMSE over a 4-y period; this corresponds to the eleventh percentile of change. It represents a weak decline, but the sample size did not allow for the use of a more clinically relevant cutoff indicative of severe cognitive decline.
Fatty acid determination
The fatty acid composition of erythrocyte membranes was determined during the 2 y after the blood samples were obtained; samples were stored at Ϫ80 ЊC. The total lipids were extracted from the erythrocytes by using the procedure of Folch et al (19) , and the total phospholipids were isolated with thin-layer chromatography and transesterified to the methyl esters. Fatty acid methyl esters were prepared by using the method of Morrison and Smith (20) and were analyzed with gas chromatography. The researchers who performed the analyses were blinded to the subjects' characteristics, and the values were read twice; we used the mean of the 2 values for subsequent analyses. For the 41 fatty acids present in the erythrocyte membranes, the percentages ranged from < 0.03% (for 20:1nϪ7, 18:3nϪ3, and 18:2tc) to > 19% (for 16:0 and 18:0) of the total fatty acids.
Other measurements
The potential confounding variables that we considered were sex (dichotomous), age (continuous), and education (2 categories: < 6 y or > 6 y of school). Subjects were classified as smokers (current or past) or nonsmokers (never) at the time of blood sampling. Alcohol consumption was categorized as never or < 2 drinks/d versus > 2 drinks/d (1 drink was defined as 13 mL alcohol).
History of coronary artery disease was defined as self-reported history of myocardial infarction or angina pectoris. Measurements of intima-media thickness (IMT) obtained with echocarotid imaging were available, and the presence of carotid atherosclerotic plaques was also documented in these individuals (21) . High blood pressure was defined as a systolic blood pressure ≥ 160 mm Hg or a diastolic blood pressure ≥ 95 mm Hg. Subjects with high blood pressure by this definition or those taking antihypertensive medication (␤-blockers, calcium antagonists, angiotensin-converting enzyme inhibitors, or diuretics) were considered hypertensive.
BMI was computed as weight (kg)/height 2 (m). Genomic DNA was extracted from white blood cells and apolipoprotein E polymorphism was determined as previously described (22) .
Statistical analyses
In the fatty acid analyses, we identified a large number of fatty acids, so we restricted the analyses to a limited number of individual fatty acids and chemical families. We considered the 4 main families: SFAs, MUFAs, nϪ3 PUFAs, and nϪ6 PUFAs. For SFAs, we studied the 2 major components, stearic acid (18:0) and palmitic acid (16:0). For MUFAS, we studied oleic acid (18:1nϪ9). For each of the 2 types of PUFAs (nϪ3 and nϪ6), the 2 most abundant fatty acids were considered: DHA and eicosapentaenoic acid (EPA, 20:5nϪ3) for nϪ3 and AA and LA for nϪ6. Because they are expressed as percentages, fatty acid amounts are often highly correlated and thus their simultaneous introduction in statistical models needs to be done with caution. The equilibrium between nϪ3 and nϪ6 PUFA intakes has been studied extensively by using the ratio of nϪ3 to nϪ6 fatty acids. We also examined the ratio of DHA to AA, which is more interesting at a biological level because these 2 fatty acids result from concurrent metabolic pathways involving ⌬ 6 -desaturase (EC 1.14.99.25). First, we compared unadjusted mean fatty acid amounts in relation to moderate cognitive decline. Second, we used logistic regression with cognitive decline as the dependent variable and each fatty acid as the independent variable, controlling for age, sex, education, and baseline MMSE score (a continuous variable). The results are expressed as odds ratios (ORs) for 1-SD differences in fatty acid amounts. Additional terms included in the multivariate models were those that proved to be or were shown in the literature to be potential confounders: alcohol and tobacco use, history of coronary artery disease, hypertension, presence of carotid plaques and carotid IMT measurements, BMI, and apolipoprotein E4 status. We also determined correlations, using Pearson's product-moment correlation coefficients, between the change in MMSE score and fatty acids. All statistical analyses were performed with SAS version 6.12 (SAS Institute Inc, Cary, NC).
RESULTS
Baseline characteristics of the sample
The change in the MMSE score over a 4-y period was studied in 246 subjects who participated in both examinations and had complete data, among the 342 subjects who were eligible. Seven deaths were reported, and 89 subjects refused to participate in the followup evaluation. Participants did not differ from nonparticipants in terms of erythrocyte membrane fatty acid composition, except that the mean LA content was higher in participants (P = 0.05). The baseline MMSE score was slightly but not significantly lower in nonparticipants than in participants (27.2 and 27.6, respectively; P = 0.11).
Baseline characteristics of the 246 subjects did not differ significantly from those of the 1188 subjects who had an examination at wave 3. These 2 groups did not differ significantly in terms of mean age (68.9 ± 3.7 and 68.6 ± 3.1 y, respectively; P = 0.25), the proportion of men (41.3% and 41.8%, respectively; P = 0.87) or the MMSE score (27.5 ± 2.2 and 27.6 ± 2.2, respectively; P = 0.39).
The average 4-y change in MMSE score was positive, but 15 men (15%) and 12 women (8%) showed a decline of ≥ 2 points. In these subjects, defined as moderate decliners, we observed mean decreases of 1.7 points between waves 3 and 4 and 1.0 point between waves 4 and 5. Conversely, in the nondecliners, we observed a mean increase of 0.56 between waves 3 and 4 and 0.54 between waves 4 and 5.
None of the baseline characteristics differed significantly between subjects with a moderate cognitive decline and subjects with no decline (Table 1) ; even the mean age and education level did not differ significantly between subjects with and without a moderate decline. With respect to cognitive function, subjects with no decline over the 4-y follow-up period had a lower mean baseline MMSE score than did those with a decline (27.5 ± 2.0 and 28.9 ± 1.1, respectively; P < 0.001).
Fatty acids
The distribution of fatty acids in erythrocyte membranes is shown in Table 2 . The most abundant family of fatty acids was SFAs (43.5%), followed by PUFAs (38.1%) and MUFAs (16.8%). We examined the relations between specific fatty acids and the potential confounding factors. Only 3 significant associations were observed: a higher percentage of 16:0 in men than in women (19.3 ± 1.2% and 19.0 ± 1.2%, respectively; P = 0.04); a higher content of palmitic acid in alcohol drinkers than in nondrinkers (19.5 ± 0.9% and 19.1 ± 1.3%, respectively; P = 0.01); and a lower percentage of EPA in smokers than in nonsmokers (1.06 ± 0.4% and 1.10 ± 0.6%, respectively; P = 0.03). There were no significant associations between fatty acid percentages and level of education, hypertension, history of coronary artery disease, presence of carotid plaques, IMT at baseline, or apolipoprotein E4 status.
Cognitive decline and fatty acid composition
There were significant differences in fatty acid composition between the decline and no-decline groups ( Table 3) . For SFAs, we measured a higher stearic acid content in the decline group than in the no-decline group (P = 0.008), but there was no significant association with palmitic acid content. There were no associations with total MUFA or oleic acid contents. Total nϪ3 PUFAs tended to be lower in the decline group (P = 0.055), and this difference was significant for the 2 major fatty acids, DHA and EPA (P = 0.042 and P = 0.045, respectively). Conversely, the mean total nϪ6 PUFA content was significantly higher in the decline group (P = 0.037). The ratios of nϪ3 to nϪ6 fatty acids and DHA to AA were significantly lower in the decline group (P = 0.043 and P = 0.047, respectively).
After adjusting the ORs for age, sex, education level and initial MMSE score, stearic acid content was consistently and significantly associated with an increased risk of cognitive decline (OR: 1.91; 95% CI: 1.16, 3.15 for a 1-SD difference) ( Table 3) . A similar significant association was observed for total nϪ6 PUFAs (OR: 1.59; 95% CI: 1.04, 2.44).
Content of nϪ3 PUFAs was inversely associated with cognitive decline (OR: 0.59; 95% CI: 0.38, 0.93 for a 1-SD difference). After adjustment, this association was significant for DHA but not for EPA. Inverse associations with cognitive decline were also found for the ratios of nϪ3 to nϪ6 fatty acids and DHA to AA, which might reflect equilibrium between PUFA contents (for 1-SD differences, OR: 0.55; 95% CI: 0.33, 0.91 for nϪ3:nϪ6 and OR: 0.57; 95% CI: 0.35, 0.92 for DHA:AA).
Stearic acid content was not significantly correlated with nϪ3 PUFA content (r = Ϫ0.10, P = 0.10), nϪ6 PUFA content (r = 0.12, P = 0.06), or nϪ3:nϪ6 (r = Ϫ0.12, P = 0.06). We performed further adjustments for other fatty acids and simultaneously introduced stearic acid and 1 of these 3 PUFA indicators into the previous multivariate models. The results remained significant for stearic acid when each PUFA indicator was introduced into the logistic model. Risk of cognitive decline remained significant for nϪ6 PUFA content (OR: 1.59; 95% CI: 1.03, 2.43) and nϪ3:n-6 (OR: 0.60; 95% CI: 0.37, 0.98), and a similar trend was observed for nϪ3 PUFA content (OR: 0.66; 95% CI: 0.42, 1.03).
We also performed analyses without any cutoff value for change in MMSE score (data not shown). We studied the correlation between change in MMSE score and fatty acid contents and obtained associations similar to those obtained with logistic regression: nϪ3 PUFAs (r = 0.09, P = 0.14), nϪ6 PUFAs (r = Ϫ0.12, P = 0.05), nϪ3:nϪ6 (r = 0.13, P = 0.04), stearic acid (r = Ϫ0.13, P = 0.05). The results were quite similar when the analyses were restricted to the 150 subjects with high initial MMSE scores (defined as > 27). However, the results were not modified when other potential risk factors (listed in Table 1) were introduced (data not shown).
DISCUSSION
To our knowledge, this is the first report relating the fatty acid composition of erythrocyte membranes to cognitive decline in the elderly. We observed that lower contents of nϪ3 PUFAs and higher contents of stearic acid and nϪ6 PUFAs were associated with a higher risk of cognitive decline.
This study included volunteers with high cognitive function and a very good overall level of education, which is a known protective factor against cognitive impairment; in fact, very few subjects experienced a substantial decrease in MMSE score. The changes in MMSE scores observed during the study suggest that the moderate decline considered in this analysis corresponds to a progressive mean decrease over time. The results of analyses that correlated change in MMSE with fatty acid contents support the existence of some linear relation, and as a consequence, the importance of the choice of the cutoff value is reduced. Choosing a 3-point decrease in MMSE score, rather than a 2-point decrease, as a threshold would have yielded similar patterns of association but with very low statistical power. Nevertheless, individual MMSE changes over time should be interpreted with caution because of the phenomenon of regression to the mean, which is complicated by a general learning effect and a ceiling effect resulting from the score range.
No dietary intake data were collected in the EVA Study, but the erythrocyte membrane fatty acid composition can reflect dietary fat intake. Some fatty acid contents, especially the amounts of total nϪ3 and nϪ6 PUFAs, can be used as biochemical indicators of their corresponding midterm (60-90 d) dietary intakes (23) (24) (25) . This contrasts with plasma fatty acid concentrations, which fluctuate according to shorter-term intake. Thus, some comparison between our results regarding erythrocyte fatty acids and those obtained from dietary surveys in other populations seems warranted.
In the Zutphen Study of 476 men aged 69-89 y, Kalmijn et al (26) found that high LA intake was associated with cognitive impairment after adjustment for age, education, cigarette smoking, alcohol consumption, and energy intake. Consumption of fish, an important source of long-chain nϪ3 PUFAs, was inversely but not significantly associated with cognitive impairment and cognitive decline. In the Rotterdam Study of 5386 participants > 55 y of age, fish consumption was inversely related to incident dementia and, in particular, to AD (27) . High intake of saturated fat was associated, but not significantly, with a higher risk of dementia. In a cross-sectional study of 260 individuals aged 65-90 y, Ortega et al (28) showed that lower intakes of SFAs or MUFAs were associated with better cognitive performance, but they found no association with total PUFAs and no data were reported on the nϪ3 and nϪ6 families. Thus, 3 studies showed an inverse association between fish intake and cognitive impairment or cognitive decline, in agreement with our results on nϪ3 PUFAs. Other comparisons are difficult to make because the SFA and MUFA contents of erythrocyte membranes did not reflect the dietary intake of these fatty acids.
Only one cross-sectional study reported data on fatty acid analysis of blood plasma in patients with AD, other types of dementia, and cognitive impairment compared with control subjects (29) . Low concentrations of nϪ3 PUFAs (total nϪ3 and nϪ3:nϪ6) appeared to be risk factors for cognitive impairment and dementia. A striking analogy can be made with our results, even though the latter apply to moderate cognitive decline in otherwise normal subjects.
The present data, collected with a longitudinal design, provide new epidemiologic arguments for the potential influence of PUFA intake on cognitive deterioration and possibly on the early Vascular abnormalities may impair nutrient and oxygen supplies that sustain normal cerebral function, and nϪ3 PUFA intake was shown to be beneficial in many instances. EPA and DHA intakes may lower the risk of thrombosis (33) and reduce blood pressure, which is a strong determinant of alterations of the arterial wall (34) . These fatty acids also reduce triacylglycerol concentrations and improve glycemic control in diabetics (35) . However, a specific relation of nϪ3 PUFA intake (or nϪ3:nϪ6) with atherosclerosis of the large vessels has not been established. Both nϪ3 and nϪ6 PUFA intakes are generally considered to be antiatherogenic via the mechanism of reducing circulating LDL cholesterol (36) . In the present study, history of coronary artery disease, echographic evidence of carotid atherosclerosis (plaques and IMT measurements), and hypertension were not specifically associated with change in MMSE. Actually, our data gave no indication of the possible involvement of vascular abnormalities in the relation between cognitive deterioration and erythrocyte membrane fatty acid composition, but the size of the population was clearly insufficient for that purpose.
Metabolism of AA, the most abundant nϪ6 PUFA in erythrocytes, gives rise to inflammatory mediators, whereas nϪ3 PUFAs found in fish act as AA antagonists. Thus, nϪ3 PUFAs have antiinflammatory properties and may decrease the production of proinflammatory cytokines in humans (37, 38) . In fact, neuroinflammation seems to be a central feature of AD, and many compounds, such as various cytokines and prostaglandins, have been identified in brain tissue from AD patients; these compounds are known to promote and sustain inflammatory responses (32) . Moreover, some epidemiologic studies suggest that the use of nonsteroidal antiinflammatory drugs might reduce the risk of AD (39) . The relevance of these findings to the normal cognitive decline of aging has not been documented yet, however.
The influence of fatty acids on the biological mechanisms that lead to cognitive impairment with age should be explored further. If our preliminary results are confirmed, evaluation of the potential effect of dietary recommendations or specific dietary supplements on the cognitive decline of aging might be warranted.
